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 ce of the Reynolds number on the instant flow evolution of a rectangular free jet of air in the range of
0, where the Reynolds number, Re, is defined according to the hydraulic diameter, D, of a rectangular slot of
age Velocimetry (PIV) technique allows obtaining the instant PIV visualizations on the central symmetry
on of the instant frames with one and two vortices, except for Re = 35,300 where only one vortex images are
the Flow with Constant Instant Height, with a length LCIH which increases with the decrease of the Reynolds
 at Re = 35,300 to LCIH/H = 4.0 at Re = 2,200. The instant PIV measurements, carried out at several distances
 ratio U=U0 of the centerline instant velocity, U, to the  exit average velocity, U0 , remain below ±4% for a
ant Velocity on the centerline. The ratio LCIV/H increases from LCIV/H = 1.1 at Re = 35,300 to LCIV/H = 4.1 at Re
t PIV measurements of the centerline turbulence inten-sity, Tu, show that its variations remain below ±4%
t Instant Turbulence on the centerline. The ratio LCIT/H is equal to LCIV/H. The instant PIV velocity profiles in
ed for a length LUVP which defines the flow with Unchanged Velocity Profile. The four lengths LUVP = LCIH =
w with Negligible Disturbances, with length LND, or first type of flow, L1, which is in agreement with the
, LCH, in the turbulent and laminar regime, and with the average length of the Undisturbed flow, LU, in the
the presence, after the flow with negligible disturbances, of the Flow with Small Variations of the Height,
ming the vortex. The length of the flow with Small Vari-ation of the Height is LSVH, and the first vortex
riations of the instant PIV measurements of the centerline turbulence intensity, Tu, increase after the length
, which defines the Flow with Small Variation of the Turbulence. The total length (LCIT + LSVT) is comparable
es, and can be assumed equal to the sum of the lengths of the flows with negligible and small disturbances, LND
ge length of the undisturbed flow, LU, in the laminar regime. The instant PIV frames show the flow with
wed by the vortices breakdown. The instant PIV frames allow visualizing the end of the flow with Coherent
 with negligible and small disturbances, and coherent vortices, as LND + LSD + LCV = L3, which is in good
ial core, LP.1. Introduction
The evolution of turbulent free jets has been investigated at a
great extent in the last decades. The amount of papers dealing withrectangular and round jets is so vast that it is impossible to men-
tion all of them, and only those pertaining to rectangular free jets
are therefore mentioned in the present paper.
The flow evolution of a jet, emerging from a two-dimensional
rectangular slot without converging duct, was proposed by
Albertson et al. (1948), and an updated version is reported in
Gori et al. (2013). The jet interacts with the stagnant fluid just after
Nomenclature
B bias
d reference distance in the calibration board
(m)
D hydraulic diameter of the slot (m)
D0 reference distance in the image plane (pix-
els)
FCIH flow with constant instant height
FCIV flow with constant instant velocity on the
centerline
FCIT flowwith constant instant turbulence on the
centerline
FUVP flow with unchanged instant velocity profile
FND flow with Negligible Disturbances (instant)
FSVH flow with small instant variation of the
height
FSVT flow with small instant variation of the
turbulence
FCH flow with constant height (average)
FCT flow with constant turbulence on the
centerline (average)
FU undisturbed flow (average)
H height of the rectangular slot (m)
LCIH length of the flow with constant instant
height (m)
LCIT length of the flow with constant instant
turbulence on the centerline (m)
LCIV length of the flow with constant instant
velocity on the centerline (m)
LUVP length of the flow with unchanged instant
velocity profile (m)
LND length of the flow with negligible
disturbances (instant) (m)
LSVH length of the flow with small instant
variation of height (m)
LSVT length of the flow with small instant
variation of the turbulence (m)
L1 length of the flow with negligible distur-
bances (instant) (m)
L2 length of the flow with negligible and small
disturbances (instant) (m)
L3 length of the flow with negligible, small dis-
turbances and coherent vortices (instant)
(m)
LCH length of the flow with constant height
(average) (m)
LCT length of the flow with constant turbulence
on the centerline (average) (m)
LP length of the potential core (average) (m)
LS length of the hypothetical line-source (m)
LU length of the undisturbed flow (average) (m)
M magnification factor
Re Reynolds number, defined according to D
ReH Reynolds number, defined according to H
S average precision index
t time (s)
Tu½% ¼ RMSðU0Þ=U0 turbulence intensity
U instant velocity in x-direction (m s1)
U0 time fluctuation of velocity in x-direction
(m s1)
U time average velocity in x-direction (m s1)
Uav time average velocity in the cross section
(m s1)
U0 instant velocity on centerline of the slot exit
(m s1)
U0 time average velocity on centerline of the
slot exit (m s1)
_V volume flow rate (m3/s)
W width of the slot (m)
x stream-wise distance from the slot exit (m)
X general physical quantity ()
y transverse distance from the jet axis (m)
Greek
v particles displacement (pixels)
# angle between light sheet and calibration
board (rad)
m kinematics viscosity of air (m s2)the exit, and two zones are defined in comparison to the length
of the potential core, LP. The first one, for distances smaller than
LP, is the zone of flow establishment and the second one, for
distances greater than LP, is the zone of established flow or fully
developed region. Moreover, two regions of flow are identified in
the zone of flow establishment: the region of mixing fluid, at
the border with the stagnant fluid, and the potential core, where the
average velocity on the centerline maintains equal to the exit one.
The origin of the zone of established flow, suggested by
Albertson et al. (1948), is indicated by the distance of the hypothet-
ical line-source from the slot exit, LS. Van der Hegge Zijnen (1958)
performed average velocity measurements at ReH = 13,300 with
two types of rectangular slits and found two different values
of the length of the hypothetical line source, LS = 0.6H and
LS = 1.7H, where a negative sign means that the line source is
upstream the slot exit. As far as the distance of the line source is
concerned, Bradbury (1965) found a length LS = 3H, while
Gutmark and Wygnanski (1976) measured a length LS = 2H at
ReH = 30,000. The deformation of a three-dimensional rectangular
jet was investigated by Abramovich (1982) who declared that the
line-source of the jet was upstream the slot exit at LS = 4.5 H,
independently from the Reynolds number.Preliminary average velocity and turbulence measurements
with the Hot Wire Anemometer (HWA) and shadowgraph visual-
izations were carried out by Gori et al. (2002a) in an air jet emerg-
ing from a rectangular slot of height H = 4.25 mm and width
W = 106 mm, after a small wind tunnel, called WT1. The main
conclusion of the HWA measurements at Re = 11,300 was the
observation that just after the exit, and for a length of about
LU = 1.6H, is present a type of flow where velocity and turbulence
remain unchanged, compared to those measured on the exit, and
was called Undisturbed Region of Flow. The shadowgraph visual-
izations at Re = 10,000 showed the presence of a flow with
Constant Height, with a length LCH almost equal to that of the
Undisturbed Region of Flow, LU.
Average fluid dynamics measurements of velocity and turbu-
lence were carried out by Gori and Petracci (2003b) with a differ-
ent small wind tunnel, called WT2, equipped with a rectangular
slot of height H = 10 mm and widthW = 135 mm. The experiments
confirmed the presence of the Undisturbed region of flow. Average
fluid dynamics measurements in presence of a circular cylinder,
impinged by the air jet, were carried out by Gori and Petracci
(2003c) in the wind tunnel WT2, at Re = 23,300, with the conclu-
sion that the presence of the impinged cylinder reduces the length
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Fig. 1. Wind tunnel, WT1.of the Undisturbed Region of Flow. Shadowgraph visualizations
and Hot Film Anemometer (HFA) measurements were carried out
by Gori and Nino (2003) and Gori et al. (2007a) in a rectangular
jet of air with the two wind tunnels WT1 and WT2. The experi-
ments showed the dependence of the length LCH of the flow with
Constant Height on the Reynolds number.
The main conclusion of these experiments is the increase of the
lengths of the Undisturbed region of flow, LU, and of the flow with
Constant Height, LCH, with the decrease of the Reynolds number.
The original figure of Gori et al. (2007a) has been generalized in
Gori et al. (2013) showing, besides the length of the line source,
LS, origin of the zone of established flow, the length of the
Undisturbed Region of Flow, LU, and the origin of the region of
mixing fluid, x0 and y0. The value of y0 is smaller than the half
height of the slot, H/2, because the experimental velocity profile
on the slot exit is not flat and the interface of the region of mixing
fluid is smaller than H/2. On the other hand, the value of x0 is smal-
ler than LU for similar reasons. In other words, if the velocity profile
would be exactly flat at the end of the Undisturbed Region of Flow,
then x0 = LU and y0 = H/2.
The experiments of Gori et al. (2013) confirmed, with average
PIV visualizations and measurements, that the length of the aver-
age Undisturbed Region of Flow, LU, decreases with the increase
of the Reynolds number. The main characteristics of the average
Undisturbed Region of Flow is that the average velocity maintains
a profile almost equal to that on the exit, and can be identified by a
constant height of the average PIV visualization, with length LCH,
or by an average constant turbulence on the centerline, with
length LCT.
The presence of the region of constant height has never been
mentioned in the literature of turbulent free jet, even if some
experimental visualizations, reported by van Dyke (1982) for axi-
symmetric free jets in turbulent flow, show its presence. Further-3,5
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Fig. 2. (Re = 35,300) – (a) Instant PIV visualization with one vortex. (b) Instant PIV vis
Centerline instant PIV turbulence intensity measurements.on, experiments on axisymmetric free helium jet, entering into
air in laminar flow, and visualized with Schlieren and shadow-
graph techniques, Goldstein (1996), show that the length of the
region of constant height, in laminar flow, decreases from
LCH = 11.7–15.7D at Re = 80, to LCH = 2.3–2.7D at Re = 630.
The modern technique of the Particle Image Velocimetry (PIV)
allows the instant visualizations of rectangular jets, as reported
by Gogineni and Shih (1997), who investigated free and wall jets,
mostly in laminar flow, showing instant images without PIV veloc-
ity measurements. The instant visualizations confirmed that in
laminar flow, i.e. from ReH = 330 until ReH = 2200, is present a
region of constant height, with a length decreasing with the-3,5
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ualization with one vortex. (c) Centerline instant PIV velocity measurements. (d)
Table 1
Reynolds numbers of the instant PIV experiments and lengths of the flows (V = visual inspection of PIV images, M = PIV measurement of velocity or turbulence).
Re LCIH/H LCIV/H, U/Uo < ±4% LCIT/H, Tu < 4% LUVP/H LND/H = L1/H (LCIH + LSVH)/H (LCIT + LSVT)/H L2/H L3/H
V M M M V M V
35,300 0.9 1.1 1.1 1.1 1.05 1.8–1.6 Tu < 5% 1.62 4.5-Und
1.8–1.3
22,000 1.0 1.1 1.2 1.1 1.1 1.9–1.6 Tu < 5% 1.82 Und-5.0
2.1–1.7
11,200 2.5 2.7 2.7 2.5 2.6 3.2–2.8 Tu < 5% 3 5.2–6.2
3.3–2.8 (5.7)
6800 2.9 3.3 3.2 3.0 3.1 4.2–3.4 Tu < 5% 3.85 6.5–7.0
4.3–3.3 (6.7)
3400 3.1–2.9 3.4 3.4 3.3 3.3 4.8–4.2 Tu < 9% 4.6 7.0–7.5
4.8–4.2 (7.25)
2200 4.0 4.1 4.1 4.1 4.1 5.9–5.5 Tu < 8% 5.6 8.0–9.0
5.2 (8.5)
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increase of the Reynolds number, and is followed by the region of
coherent vortices, and by the vortices breakdown. The only image
of Gogineni and Shih (1997) in turbulent flow shows the disap-
pearance of the coherent vortices and the vortices breakdown just
after the jet exit. Instant images of a rectangular jet at the early
stage of turbulent flow, ReH = 4240, have been presented by
Potho and Longmire (2001), showing a short region of constant
height, followed by a region of coherent vortices and by the vorti-
ces breakdown. The PIV velocity measurements were only the
average ones. The smoke flow visualization was employed by
Hsiao et al. (2010) to study the flow structure of a sharp-edged
and right-angle orifice plane jet in transient flow conditions at
ReH = 10,300. The images showed varicose and sinuous modes of
the coherent structures, a short region of constant height before
the coherent vortices flow, followed by the vortices breakdown.
No instant flow measurements were shown.
The present paper presents instant Particle Image Velocimetry
(PIV) visualizations and measurements in the flow evolution of
rectangular free jets of air in the range of Reynolds numbers from
Re = 35,300 to Re = 2200, with the aim of showing the dependence
on the Reynolds number of the lengths of the flows identified by
the paper. A correct description of the fluid dynamics evolution
of a rectangular jet is extremely important in the numerical predic-
tions, as shown by Gori and Petracci (2003d) and Gori et al.
(2012a), in the heat transfer upon a single smooth cylinder, by
Gori and Bossi (2000a) and (2003), Gori and Petracci (2003a),
Gori et al. (2003b), Gori et al. (2012b), Gori and Petracci (2012,
2013) and (2014), upon a finned cylinder, by Gori et al. (2002b,
2003a, 2005, and 2011), upon two cylinders, by Gori and Bossi
(2002), Gori et al. (2007b) and upon three cylinders, by Gori and
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Fig. 3. Instant PIV velocity measurements for Re = 35,300.2. Experimental apparatus
The wind tunnel employed in the present experiments, WT1, is
shown in Fig. 1 and is the same of that of Gori et al. (2013).
The fan, with a power of 750 W, can move a maximum mass
flow rate of 0.45 kg/s. The inlet duct of the fan has a circular cross
section of diameter 160 mm and the exit duct has a square sec-
tion of side 135 mm. The fan lies on a different base than the rest
of the wind tunnel, in order to reduce vibrations, and is followed
by a settling chamber, made of a non-metallic (plastic) tube to
reduce vibrations, where the cross section is changed from rect-
angular (at the outlet of the fan) to circular, with a diameter of
160 mm. After the settling chamber, honeycombs are located
before the three metallic grids. Honeycombs consist of several
small-size ducts of circular section that fill the entire cross sec-
tional area of the duct minimizing the transversal flows, while
the grid screens reduce the large-scale turbulence generated bythe fan. After the third grid, the cross section of the wind tunnel
changes into a square one with the side of 106 mm. A converging
duct converts the square cross section to a rectangular one, with
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Fig. 4. (Re = 22,000) – (a) Instant PIV visualization with one vortex. (b) Instant PIV visualization with two vortices. (c) Centerline instant PIV velocity measurements.
(d) Centerline instant PIV turbulence intensity measurements.sides 106 mm by 17 mm. A rectangular slot follows the converg-
ing nozzle.
2.1. PIV setup
The present investigation employs a commercially available
PIV system, developed by ILA GmbH, where an ILA-TEC30 jet
atomizer, with multiple Laskin nozzles in x-configuration (two
layers), generates an oil-based aerosol. A cyclone separator,
placed downstream the seeding generator, allows a mean parti-
cle diameter of about 106 m, while the oil concentration is reg-
ulated by the compressed air pressure and the number of Laskin
nozzles.
A Quantel Q-switched Nd:YAG laser provides pulsed illumina-
tions with a wavelength of 532  109 m. The duration of each
pulse is 3–5  109 s, and the maximum output energy is 0.120 J.
The light-sheet thickness in the test section is 1 mm. The digital
camera is a PCO Sensicam QE, containing a CCD chip with
1376  1040 pixels, a dynamic range A/D of 12 bit, a frame rate
equal to 10.0 fps with 16 MHz of pixel scan rate. The camera and
a Nikon AF Micro 50f/1.4D lens with an optical filter record the par-
ticle images. The size of the interrogation window is 200 mm by
140 mm, respectively in x and y direction, giving rise to the spatial
resolution of 6.55 pixel/mm. The time delay between two succes-
sive pulses varies from 20 to 500  106 s, depending on the tested
flow conditions. An ensemble of 100 instantaneous velocity sam-
ples is generated with an acquisition rate of 5 Hz.
The software ‘vidPIV’ carries out the image processing applying
a cross-correlation algorithm between consecutive images. The PIV
processing uses an interrogation area size of 16  16 pixels, with a
50% overlap. A window velocity filter and a local median filter are
employed to remove outliers (local velocity vectors whose magni-
tude is far from the neighbor set of data) in order to obtain a clearvelocity field, after the correlation of the images. Finally, interpola-
tion of the neighboring vectors replaces all the vectors previously
removed as outliers. The resulting vectors are averaged over the
100 realizations.
Uncertainty analysis is carried out by using the engineering
method proposed by Moffat (1988). In case of multiple samples,
each measurement of the physical quantity Xi is represented by
the mean sample value and the uncertainty is calculated using
the bias (BXi) and the average precision index (SXi), which describes
respectively the fixed error and the sample standard deviation.
Both are calculated on the basis of the sensitivity to the specific
error source. The PIV measurement detects the flow speed by
means of the displacement of particle images Dv, the time interval
of successive images Dt (pulse distance) and the magnification fac-
torM. The physical amount of flow speed is calculated according to
the relation
U ¼ MDv
Dt
ð1Þ
The magnification factor needs to be identified through the cal-
ibration and is defined as
M ¼ d cos#
D0
ffi d
D0
1 #
2
2
!
ð2Þ
where # is the angle between the light sheet and the calibration
board, d the reference distance in the calibration board and D0 rep-
resents the same distance on the image plane.
Taking into account Eq. (2), the main error sources due to the
evaluation of M are related to the measurement of the distance d
on the calibrated board, with an uncertainty of 0.5 mm, and to the
measurement of the distance D0 on the image plane, with an
uncertainty of 0.5 pixels. The possible small angle between the
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Fig. 5. Instant PIV velocity measurements for Re = 22,000.light sheet and the calibration board is neglected. The evaluation
of the displacement of the particle image (Dv) is affected by many
sources of error related to the visualization, the image detection
and especially the data processing. The error in the data
processing is due to the accuracy in the peak detection during
the cross-correlation analysis and is function of the size of the
interrogation window, number of particles, local velocity
gradients inside the interrogation window, non-matching
particles, and noise. Therefore, the value of 0.1 pixels can be
considered reasonable under real measurements. This condition
is more easily satisfied if the time between pulses is chosen to
ensure that the maximum displacement does not exceed a quarter
of the side of the interrogation area, as recommended by Keane
and Adrian (1990). The random uncertainty in the timing is of
the order of 1 ns, according to the synchronizer. For the minimum
pulse separation used in the present work (20 ls), the uncertainty
due to Dt is then negligible compared to the displacement
uncertainty.All the uncertainties are evaluated under three conditions:
1. Error distribution is Gaussian according to the central limit
theorem.
2. Xi variable contribution to the global uncertainty is reciprocally
independent.
3. Measurement accuracy is expressed with a confidence of 95%.
All the samples of measurement are multiple, with 100
acquisitions.
For each physical quantity, Xi, the uncertainty is expressed by
the following equation:
dXi0:95 ¼ B2Xi þ ðt  SXi Þ
2
h i1
2 ð3Þ
The value of the multiplier t (Student’s test) is set to 2 according
to the confidence interval (95%) and the sample degrees of freedom
(more than 30). Moreover, the definition used is
SXi ¼
SXiffiffiffiffi
N
p ð4Þ
The measurement error theory suggests that the result R of an
experiment can be determined by a series of N measurements, a
single quantity Xi, and an interpolating criterion, thus
R ¼ RðX1;X2; . . . ;Xi; . . . ;XNÞ ð5Þ
The R result for measurement bias and precision index are
described by
BR ¼
XN
i¼1
@R
@Xi
 BXi
 2" #12
SR ¼
XN
i¼1
@R
@Xi
 SXi
 2" #12 ð6Þ
The global uncertainty can be expressed by:
dR0:95 ¼ B2R þ ðt  SRÞ2
h i1
2 ð7Þ
Finally, in the operating conditions of the experiments (flow
regime and distance from the slot exit) the uncertainty on the aver-
age velocity is smaller than 4%.
2.2. Jet flow
The volume flow rate is measured by a pressure transducer
(mod. MD OD8612 L2 ‘‘Orione di Bistulfi’’) connected to two static
pressure probes. One probe is positioned on the wall of the set-
tling chamber (larger section), i.e. before the converging duct,
while the other one is on the lateral wall (smaller section), i.e.
beyond the converging duct. The static pressure difference,
proportional to the flow rate, is corrected taking into account
the pressure losses due to friction in the converging duct. The
volume flow rate, _V , obtained by the pressure measurements, is
checked by the integration of the velocity profile on the slot exit
(x/H = 0.3).
The average flow velocity Uav is obtained from the volume flow
rate _V
Uav ¼
_V
W  H ð8Þ
The Reynolds number is defined on the hydraulic diameter, D
Re ¼ Uav  D
m
ð9Þ
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Fig. 6. (Re = 11,200) – (a) Instant PIV visualization with one vortex. (b) Instant PIV visualization with two vortices. (c) Centerline instant PIV velocity measurements. (d)
Centerline instant PIV turbulence intensity measurements.Turbulence intensity is the absolute turbulence and is defined
on the basis of the time average velocity on centerline of the slot
exit. Turbulence is calculated for 100 couples of frames of the PIV
acquisition and a single couple (jth frame) as follows:
Tuð100 frameÞ ¼ RMSðU
0Þ
U0
½% ¼ 1
U0
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N  1
X100
N¼1
ðU  UÞ2
vuut ½% ð10ÞTuðframe\j"Þ ¼ jUj  Ujj
U0
½% ¼ jU
0
jj
U0
½% ð11Þ3. Experimental results
3.1. Dependence of flow evolution on Reynolds number in turbulent
regime
The instant PIV visualizations and measurements in turbulent
flow are presented and discussed for Reynolds numbers equal to
Re = 35,300, Re = 22,000, Re = 11,200, Re = 6800 and Re = 3400.
Two instant PIV visualizations with one and two vortices are
examined for each Reynolds number, except for Re = 35,300 where
only images with one vortex have been detected. The measure-
ments of the instant PIV dimensionless velocity, U=U0, on the cen-
terline, and turbulence intensity, Tu, are reported versus the
dimensionless distance from the exit, x/H, along with the average
measurements of Gori et al. (2013), indicated as 100 frames. The
profiles of the instant PIV dimensionless velocity measurements,
U=U0, versus the dimensionless transverse coordinate, y/H, are
shown at five distances from the exit for each Reynolds number
and compared to the average ones. The first profile is very close
to the exit one, while the others are inside the potential core.3.1.1. Re = 35,300
3.1.1.1. Visual inspection. Two instant flow visualizations with one
vortex are reported in Fig. 2a, frame 10, and 2b, frame 46, at the
highest Reynolds number investigated, Re = 35,300. Each figure
shows the presence of the Flow with Constant Instant Height, FCIH,
the Flow with Small Variation of the Height, FSVH, the Flow with
Coherent Vortices, FCV and the vortices breakdown. The dashed
lines represent the average flow of Gori et al. (2013), which enve-
lopes correctly the instant visualizations. Each figure indicates the
five marks where the instant velocity profiles are measured.
Fig. 2a presents the instant visualization of frame 10 with the
flow FCIH of length LCIH/H = 0.9, and the flow FSVH up to x/H = 1.8,
then (LCIH + LSVH)/H = 1.8. The end of the flow FCV is in the range
x/H = 4–5, i.e. (LCIH + LSVH + LCV)/H = L3/H = 4.5. Fig. 2b reports the
visualization of frame 46 with the flow FCIH of length LCIH/H = 0.9
and the flow FSVH up to x/H = 1.6, i.e. (LCIH + LSVH)/H = 1.6. The end
of the flow FCV is not identifiable in Fig. 2b. The average visualiza-
tion of Gori et al. (2013) envelopes correctly the instant flow evo-
lutions of Fig. 2a and b.
The lengths resulting from the visual inspection, LCIH/H,
(LCIH + LSVH)/H and (LCIH + LSVH + LCV)/H = L3/H, are reported in
Table 1. The length of the flow FCIH, LCIH/H = 0.9, is in agreement
with the average one of Gori et al. (2013), LCH/H = 1.0.
3.1.1.2. PIV measurements. Fig. 2c presents the measurements of
the centerline instant dimensionless velocity, U=U0, versus the dis-
tance x/H from the jet exit, compared to the average ones of Gori
et al. (2013), as 100 frames. The instant velocities of both frames
10 and 46 are variable within ±4% up to x/H = 1.1, defining the flow
with Constant Instant Velocity on the centerline FCIV, of length
LCIV/H = 1.1. After LCIV, velocity has greater oscillations, with frame
10 which presents two minimums in the two section enlarge-
ments, x/H = 1.3 and x/H = 3.0, and a maximum in the section
contraction, x/H = 2.2. Frame 46 presents a velocity maximum at
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Fig. 7. Instant PIV velocity measurements for Re = 11,200.x/H = 1.8, where is present a small height contraction. These behav-
iors agree with the mass conservation or Leonardo principle.
Fig. 2d presents the instant turbulence intensity measurements,
Tu, on the centerline, compared to the average ones of Gori et al.
(2013), as 100 frames. Turbulent intensity of the two frames
remains below 4.0% up to x/H = 1.1, giving a length LCIT/H = 1.1 of
the Flow with Constant Instant Turbulence FCIT. After LCIT, turbu-
lence intensity of frame 10 increases, but remaining below 5% up
to x/H = 1.3, i.e. (LCIT + LSVT)/H = 1.3, and having a spike of 9% at
x/H = 1.4, i.e. in correspondence with the first small contraction
of the height. A second spike of 7% is present before the first vortex,
at x/H = 2.1, followed by another one of 9%, at x/H = 3.1, where is
present the vortex. After LCIT, turbulence intensity of frame 46
remains below 5% up to x/H = 1.8, i.e. (LCIT + LSVT)/H = 1.8.
The lengths of the flows FCIV, LCIV/H = 1.1, and FCIT, LCIT/H = 1.1,
are reported in Table 1 showing their agreement with the length
of the flow FCIH, LCIH/H = 0.9, and the average length of the flow
with constant turbulence, FCT, of Gori et al. (2013), LCT/H = 1.0.
The length (LCIT + LSVT)/H = 1.3 of frame 10 is slightly smaller thanthe length (LCIH + LSVH)/H = 1.6 of the same frame, while the length
(LCIT + LSVT)/H = 1.8 of frame 46 is equal to (LCIH + LSVH)/H = 1.8 of the
same frame. The length (LCIT + LSVT)/H is shorter for frame 13 due to
the presence of the second vortex.
Fig. 3 presents the dimensionless instant velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H,
at five distances from the slot exit, corresponding to the marks of
Fig. 2. The first distance, x/H = 0.4, is the closest to the exit and
its profile is assumed as the exit one. The instant measurements
of frames 10 and 46 are in agreement with the average one at
x/H = 0.4. The same happens at the second distance, x/H = 0.8,
and at the third one, x/H = 1.1. The two instant measurements at
x/H = 1.1 are practically unchanged in comparison to the exit val-
ues, at x/H = 0.4, marking the end of the flow with Unchanged
Velocity Profile, FUVP, of length LUVP/H = 1.1, in agreement with
the average value of the Undisturbed Region of Flow of Gori et al.
(2013), LU/H = 1.0. At the fourth distance, x/H = 1.8, some differ-
ences between the instant velocity profiles of frames 10 and 46
are observable, both on the centerline and the sides. The velocity
profile of frame 46, presented as dashed line, has slightly greater
values than the average ones in its inner part because the jet has
a height contraction, due to the mass conservation principle. At
the fifth distance, x/H = 2.2, the velocity profile of frame 10 is
greater around the centerline and smaller on the jet sides because
of the height contraction, while the height and the velocity are
almost unchanged for frame 46.
The length of the flow with Unchanged Velocity Profile, FUVP,
LUVP/H = 1.1, is reported in Table 1, and is in agreement with the
lengths LCIH/H, LCIV/H and LCIT/H.
3.1.2. Re = 22,000
3.1.2.1. Visual inspection. Fig. 4a presents the instant visualization
of frame 07 with one vortex, and Fig. 4b that of frame 13 with
two vortices, while the instant centerline velocity and turbulence
measurements are in Fig. 4c and d. Fig. 4a and b shows also the
average flow of Gori et al. (2013), which envelopes correctly
the instant visualizations. The five marks of Fig. 4a and b indicate
the positions of the instant velocity profile measurements.
Frame 07 of Fig. 4a shows that the flow FCIH is long LCIH/H = 1.0,
the flow FSVH extends up to x/H = 1.9, then (LCIH + LSVH)/H = 1.9, and
is followed by one vortex and the vortices breakdown. The end of
the potential core is not easily identifiable in Fig. 4a. Frame 13 of
Fig. 4b shows a similar length of the flow FCIH, LCIH/H = 1.0, a shorter
length of the flow FSVH, up to x/H = 1.6, then (LCIH + LSVH)/H = 1.6,
which is followed by a first small vortex, by a greater second one
and by the vortices breakdown. The length (LCIH + LSVH)/H is shorter
in frame 13 because two vortices are present. The end of the coher-
ent vortices in frame 13 can be identified at L3/H = 5.0.
The results of the visual inspection, LCIH/H, (LCIH + LSVH)/H, and
L3/H, are reported in Table 1, with the first value relative to the
frame with one vortex and the second one to the frame with two
vortices. The length of the flow FCIH, LCIH/H = 1.0, is within the aver-
age range of Gori et al. (2013), LCH/H = 1–2.
3.1.2.2. PIV measurements. Fig. 4c presents the instant dimension-
less centerline velocity measurements, U=U0, along with the aver-
age one, indicated as 100 frames, versus the distance x/H from the
jet exit. The dimensionless centerline velocities, U=U0, of the two
frames are variable within ±4% up to x/H = 1.1, identifying the
length of the flow FCIV, LCIV/H = 1.1. After LCIV, frame 07 shows small
oscillations, corresponding to little contractions and enlargements
of the height. In correspondence of the enlargement of the height,
at x/H = 2.8, Fig. 4a shows a velocity decrease of 18%, which allows
the pressure to increase, according to the Bernoulli equation, and
to expel the fluid from the jet core to form the vortex. This vortex
of frame 07 ends at x/H = 3.5, where a velocity increase of about
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Fig. 8. (Re = 6800) – (a) Instant PIV visualization with one vortex. (b) Instant PIV visualization with two vortices. (c) Centerline instant PIV velocity measurements. (d)
Centerline instant PIV turbulence intensity measurements.20% is present. Frame 13 shows two minimums, at x/H = 1.2 and x/
H = 3.2, corresponding to the enlargements of the height. The min-
imum of velocity at x/H = 3.2 produces a pressure increase which,
according to the Bernoulli equation, expels the fluid from the jet
core to form the second coherent vortex.
Fig. 4d presents the instant turbulence intensity measurements
on the centerline. Turbulence intensity variations of both frames
are smaller than 4.0% up to x/H = 1.2, giving the length of the flow
FCIV, LCIV/H = 1.2. After LCIV, turbulence intensity of frame 07
increases but remaining below 5% up to x/H = 2.1, which allows to
define the flow with Small Variations of the instant Turbulence,
FSVT, of length LSVT, such that (LCIT + LSVT)/H = 2.1. Frame 07 presents
a spike of turbulence at x/H = 2.8, in correspondence with the min-
imum of the velocity and the formation of the vortex. After LCIV
frame 13 presents an isolate spike of the turbulence intensity at
x/H = 1.2, but, apart from that, remains smaller than 5% up
x/H = 1.6, giving a length (LCIT + LSVT)/H = 1.6. Frame 13 shows another
spike at x/H = 3.2, in correspondence with the second vortex.
The lengths of the flows FCIV, LCIV/H = 1.1, and FCIT, LCIT/H = 1.2,
are reported in Table 1 showing they are in agreementwith the flow
FCIH, LCIH/H = 1.0, and are within the average length of Gori et al.
(2013), LCT/H = 1–2. The length (LCIT + LSVT)/H = 2.1 of frame 07 is
comparable to the length (LCIH + LSVH)/H = 1.9 of the same frame,
while the length (LCIT + LSVT)/H = 1.7 of frame 13 is comparable to
(LCIH + LSVH)/H = 1.6 of the same frame. The length (LCIT + LSVT)/H is
shorter for frame 13, due to the presence of the second vortex.
Fig. 5 presents the instant dimensionless velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H, at
five downstream distances from the slot exit, corresponding to
the marks of Fig. 4a and b. At the first distance, x/H = 0.4, the closest
to the exit, the instant measurements of frames 07 and 13 are both
in agreement with the average one. The two instant measurements
at x/H = 1.1 are practically unchanged within the jet section, com-
pared to the values at x/H = 0.4, marking the end of the flow FUVP,i.e. LUVP/H = 1.1. At the third distance, x/H = 1.7, the velocity of frame
07 near the centerline is unchanged because the height is equal to
the exit one, while the velocity of frame 13 is greater because of
the height contraction. At the fourth distance, x/H = 2.7, the velocity
of frame 13 is still unchanged while the velocity of frame 07 near
the centerline is smaller because of the height enlargement. At
the fifth distance, x/H = 3.5, it happens the opposite.
The length of the flow with Unchanged Velocity Profile, FUVP,
LUVP/H = 1.1, is reported in Table 1, and is in agreement with the
lengths LCIH/H = 1.0, LCIV/H = 1.1, LCIT/H = 1.2, and in the lower limit
of the average range of Gori et al. (2013), LU/H = 1–2.
3.1.3. Re = 11,200
3.1.3.1. Visual inspection. The two instant visualizations at
Re = 11,200 are reported in Fig. 6a for frame 99 with one vortex,
and in Fig. 6b for frame 23 with two vortices. The centerline instant
velocity and turbulence measurements are in Fig. 6c and d. Fig. 6a
and b show also, as dashed line, the average flow which envelopes
correctly the instant visualizations. In Fig. 6a and b the five marks
indicate the positions of the instant velocity profile measurements.
Frame 99 shows the flow FCIH of length LCIH/H = 2.5, the flow
FSVH which extends up to x/H = 3.2, i.e. (LCIH + LSVH)/H = 3.2, fol-
lowed by a large vortex and by the vortices breakdown. The end
of the vortex is at x/H = 5.2, then the total length is L3/H = 5.2.
Frame 23 shows the flow FCIH of length LCIH/H = 2.5, followed by
the flow FSVH up to x/H = 2.8, i.e. (LCIH + LSVH)/H = 2.8. The flow FSVH
is longer for frame 99 because only one vortex is present. The end
of the second vortex at x/H = 6.2 marks the total length for frame
23, L3/H = 6.2.
The results of the visual inspection, LCIH/H, (LCIH + LSVH)/H, and
L3/H, are reported in Table 1, with the first value relative to the
frame with one vortex and the second one to the frame with two
vortices. The length of the flow FCIH, LCIH/H = 2.5, is in agreement
with the average values of Gori et al. (2013), LCH/H = 2–3, as well
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Fig. 9. Instant PIV velocity measurements for Re = 6800.as the total lengths, L3/H = 5.2–6.2, which are in agreement with
the average values of Gori et al. (2013), LP/H = 5–6.
3.1.3.2. PIV measurements. Fig. 6c presents the instant dimension-
less centerline velocity measurements, U=U0, along with the aver-
age ones, as 100 frames, versus the distance x/H from the jet exit.
The variations of the dimensionless centerline velocity, U=U0, of
the two frames are within ±4% up to x/H = 2.7, identifying the
length of the flow FCIV, LCIV/H = 2.7. After LCIV, frame 99 presents a
maximum in the height contraction, x/H = 3.6, and a minimum in
the height enlargement, x/H = 4.5, where velocity on the centerline
decreases of more than 20%, allowing the pressure to increase,
according to the Bernoulli equation, and to expel the fluid from
the core of the jet to form the vortex. Frame 23 shows two maxi-
mums in the two height contractions, x/H = 3.0 and x/H = 4.7, and
two minimums in the height enlargements, x/H = 3.7 and
x/H = 5.5. In correspondence with each minimum of the velocity
the pressure increases, according to the Bernoulli equation, expel-
ling the fluid from the core jet to form the vortex.Fig. 6d presents the instant turbulence intensity measurements,
Tu, on the centerline. Turbulence intensity remains below Tu = 4.0 %
up to x/H = 2.7 for both frames, i.e. LCIT/H = 2.7. Turbulence intensity
in the flow FSVT increases, but remaining below Tu = 5.0 % up to
x/H = 3.3 for frame 99 and up to x/H = 2.8 for frame 23. The sum
of the lengths of the flows FCIT and FSVT is then (LCIT + LSVT)/H = 3.3
for frame 99 and (LCIT + LSVT)/H = 2.8 for frame 23. Turbulence
intensity of frame 99 presents a greater spike at x/H = 3.5, i.e.
before the first vortex. Turbulence intensity of frame 23 presents
a greater spike at x/H = 3.2, i.e. before the first vortex.
The lengths of the flows FCIV, LCIV/H = 2.7, and FCIT, LCIT/H = 2.7,
are reported in Table 1 showing they are in agreement with the
length of the flow FCIH, LCIH/H = 2.5, and the average values of Gori
et al. (2013), LCT/H = 2–3. The length (LCIT + LSVT)/H = 3.3 of frame
99 is comparable to the length (LCIH + LSVH)/H = 3.2 of the same
frame, while the length (LCIT + LSVT)/H = 2.8 of frame 23 is equal to
(LCIH + LSVH)/H = 2.8 of the same frame. The length (LCIT + LSVT)/H is
shorter for frame 23 due to the presence of the second vortex.
Fig. 7 presents the dimensionless instant velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H,
at five downstream distances from the slot exit, corresponding to
the marks of Fig. 6a and b. The first distance, x/H = 0.4, is the closest
to the exit and the instant measurements of frames 99 and 23 are
in agreement with the average ones. The two instant measure-
ments at the second distance, x/H = 2.5, are practically unchanged
compared to the exit values at x/H = 0.4, marking the end of the
flow FUVP, at LUVP/H = 2.5. At the third distance, x/H = 3.7, i.e. inside
the flow with Coherent Vortices, FCV, frame 99 shows a velocity
increase because of the height contraction, while frame 23 pre-
sents a velocity decrease because of the height enlargement. At
the fourth distance, x/H = 4.7, still inside the flow FCV, frame 99
shows a velocity decrease due to the height enlargement, while
frame 23 presents a velocity increase, due to the height contrac-
tion. The last distance, x/H = 5.2, marks the end of the flow FCV
for frame 99, L3/H = 5.2.
The length of the flow with Unchanged Velocity Profile, FUVP,
LUVP/H = 2.5, is reported in Table 1, and is in agreement with the
lengths LCIH/H = 2.5, LCIV/H = LCIT/H = 2.7, and the average values of
Gori et al. (2013), LU/H = 2–3.3.1.4. Re = 6,800
3.1.4.1. Visual inspection. The two instant visualizations at
Re = 6800 are reported in Fig. 8a for frame 43 with one vortex,
and in Fig. 8b for frame 77 with two vortices. The centerline instant
velocity and turbulence measurements are in Fig. 8c and d. Fig. 8a
and b show also, as dashed line, the average flow which envelopes
correctly the instant visualizations. In Fig. 8a and b the five marks
indicate the positions of the instant velocity profile measurements.
Frame 43 shows the flow FCIH of length LCIH/H = 2.9, the flow
FSVH which extends up to x/H = 4.2, i.e. (LCIH + LSVH)/H = 4.2, fol-
lowed by a large vortex and by the vortices breakdown. The end
of the vortex is at x/H = 6.5, then the total length is L3/H = 6.5,
before the vortices breakdown. Frame 77 shows the flow FCIH of
length LCIH/H = 2.9, followed by the flow FSVH up to x/H = 3.4, i.e.
(LCIH + LSVH)/H = 3.4. The flow FSVH is longer for frame 43 because
only one vortex is present. The end of the second vortex at
x/H = 7.0 marks the total length for frame 77, L3/H = 7.0, before
the vortices breakdown.
The results of the visual inspection, LCIH/H, (LCIH + LSVH)/H, and
L3/H, are reported in Table 1. The length of the flow FCIH,
LCIH/H = 2.9, is in agreement with the average value of Gori et al.
(2013), LCH/H = 3.0. The end of the coherent vortex flow for frame
43, L3/H = 6.5, is slightly longer than the average value, LP/H = 6.0,
while the end of the coherent vortex flow for frame 77,
L3/H = 7.0, is longer than the average one.
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Fig. 10. (Re = 3400) – (a) Instant PIV visualization with one vortex. (b) Instant PIV visualization with two vortices. (c) Centerline instant PIV velocity measurements. (d)
Centerline instant PIV turbulence intensity measurements.3.1.4.2. PIV measurements. Fig. 8c presents the instant dimension-
less centerline velocity measurements, U=U0, along with the aver-
age ones, versus the distance x/H from the jet exit. The
dimensionless centerline velocities, U=U0, of the two frames are
within ±4% up to x/H = 3.3, identifying the length of the flow FCIV,
LCIV/H = 3.3. After LCIV, frame 43 presents a maximum in the height
contraction, x/H = 4.5, and a minimum in the height enlargement,
x/H = 5.5, where velocity on the centerline decreases of more than
40%, allowing the pressure to increase, according to the Bernoulli
equation, and to expel the fluid from the jet core to form the vor-
tex. Frame 77 shows two maximums in the two height contrac-
tions, x/H = 3.5 and x/H = 5.5, and two large minimums in the
height enlargements, x/H = 4.5 and x/H = 6.5. In correspondence
with each minimum of the velocity the pressure increases, accord-
ing to the Bernoulli equation, and the jet expels the fluid from the
core to form the vortices, the first one at x/H = 4.5 and the second
one at x/H = 6.5.
Fig. 8d presents the instant turbulence intensity measurements
on the centerline. Turbulence intensity of both frames remains
below Tu = 4.0% up to x/H = 3.2, i.e. LCIT/H = 3.2. Turbulence inten-
sity increases but remaining below Tu = 5.0% up to x/H = 4.3 for
frame 43, and to x/H = 3.3 for frame 77, which correspond to the
beginning of the first vortex. The total length of the flows FCIT
and FSVT is (LCIT + LSVT)/H = 4.3 for frame 43 and (LCIT + LSVT)/H = 3.3
for frame 77. Turbulence intensity of frame 43 presents a large
spike of turbulence at x/H = 5.6, in correspondence of the vortex.
Turbulence intensity of frame 77 presents a spike of Tu = 15% at
x/H = 3.5, before the first vortex.
The length of the flow FCIT for the two frames are reported in
Table 1 showing that the length LCIT/H = 3.2 is in agreement with
LCIV/H = 3.3, and only slightly longer than the instant length
LCIH/H = 2.9, and the average value of Gori et al. (2013), LCH/H = 3.
Further on, the length (LCIT + LSVT)/H = 4.3 is in agreement with
the length (LCIH + LSVH)/H = 4.2 for frame 43 and the length
(LCIT + LSVT)/H = 3.3 with the length (LCIH + LSVH)/H = 3.4 for frame 77.Fig. 9 presents the dimensionless instant velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H,
at five downstream distances from the slot exit, corresponding to
the marks of Fig. 8a and b. The first distance, x/H = 0.4, is the closest
to the exit and the two instant measurements of frames 43 and 77
are in agreement with the average one. The two instant measure-
ments at the second distance, x/H = 3.0, are practically unchanged
compared to the exit values at x/H = 0.4, marking the end of the
flow FUVP, at LUVP/H = 3.0. At the third distance, x/H = 3.5, i.e. in
the flow FSVH, the instant velocity profile of frame 43 is in agree-
ment with the average one because the height of the jet is equal
to the exit one, while frame 77 presents an instant velocity profile
greater than the average one because of the height contraction. At
the fourth distance, x/H = 4.5, i.e. inside the vortex region, frame 43
shows a velocity increase over the average, due to the height con-
traction, while frame 77 presents a velocity decrease because of
the height enlargement. At the fifth distance, x/H = 5.5, it happens
the opposite for similar reasons.
The length of the flow with Unchanged Velocity Profile, FUVP,
LUVP/H = 3.0, is reported in Table 1, and is in agreement with the
lengths LCIH/H = 2.9, LCIV/H = 3.3, LCIT/H = 3.2, and the average one
of Gori et al. (2013), LU/H = 3.0.
3.1.5. Re = 3400
3.1.5.1. Visual inspection. The two instant visualizations at
Re = 3400 are reported in Fig. 10a for frame 88 with one vortex,
and in Fig. 10b for frame 42 with two vortices. The centerline
instant velocity and turbulence measurements are in Fig. 10c and
d. Fig. 10a and b show, as dashed line, the average flow, which
envelopes correctly the instant visualizations. In Fig. 10a and b
the five marks indicate the positions of the instant velocity profile
measurements.
Frame 88 shows the flow FCIH long LCIH/H = 3.1, the flow FSVH
which extends up to x/H = 4.8, i.e. (LCIH + LSVH)/H = 4.8, followed
by a large vortex, ending at x/H = 7.0, i.e. the total length is
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Fig. 11. Instant PIV velocity measurements for Re = 3400.L3/H = 7.0, and by the vortices breakdown. Frame 42 shows the
flow FCIH of length LCIH/H = 2.9, followed by the flow FSVH up to
x/H = 4.2, i.e. (LCIH + LSVH)/H = 4.2. The end of the second vortex at
x/H = 7.5 marks the total length, L3/H = 7.5.
The results of the visual inspection, LCIH/H, (LCIH + LSVH)/H, and
L3/H, are reported in Table 1. The lengths of the flow FCIH for the
two frames, LCIH/H = 3.1–2.9, are in the lower part of the average
values of Gori et al. (2013), LCIH/H = 3–4. The end of the coherent
vortices flow for frame 88, L3/H = 7.0, is in agreement with the
average value, LP/H = 7.0, while the length for frame 42,
L3/H = 7.5, is slightly longer.
3.1.5.2. PIV measurements. Fig. 10c presents the instant dimension-
less centerline velocity measurements, U=U0, along with the aver-
age ones, versus the distance x/H from the jet exit. The
dimensionless centerline velocities, U=U0, of the two frames are
within ±4% up to x/H = 3.4, identifying the length of the flow FCIV,
LCIV/H = 3.4. After LCIV, frame 88, with one vortex, has twomaximums in the height contractions, x/H = 3.5 and x/H = 5.3,
and two minimums in the height enlargements, x/H = 4.3 and
x/H = 6.1. At x/H = 6.1 the velocity on the centerline decreases more
than 20%, allowing the pressure to increase, according to the
Bernoulli equation, and to expel the fluid from the jet core to form
the vortex. Frame 42, with two vortices, shows three minimums of
the velocity in the height enlargements, x/H = 3.6, x/H = 5.2 and
x/H = 7.0, and two maximums in the height contractions,
x/H = 4.5 and x/H = 6.1. The minimums of the velocity at x/H = 5.1
and x/H = 7.0 allow the formation of the two vortices.
Fig. 10d presents the instant turbulence intensity measure-
ments on the centerline. Turbulence intensity variations maintain
below Tu = 4% up to x/H = 3.4 for both frames, i.e. LCIT/H = 3.4. Tur-
bulence intensity increases, but remaining below Tu = 9%, up to
x/H = 4.8 for frame 88 and up to x/H = 4.2 for frame 42, both
corresponding to the beginning of the first vortex. The sum of
the lengths of the flows FCIT and FSVT is then (LCIT + LSVT)/H = 4.8
for frame 88 and (LCIT + LSVT)/H = 4.2 for frame 42. Turbulence
intensity of frame 88 presents a spike of turbulence at x/H = 5.1,
in correspondence with the vortex. Turbulence intensity of frame
42 presents a spike of turbulence at x/H = 4.5, in correspondence
with the first vortex, and a second spike at x/H = 6.2, in correspon-
dence with the second vortex.
The length of the flow FCIT for the two frames is reported in
Table 1 showing that the length LCIT/H = 3.4 is equal to LCIV/H and
only slightly longer than LCIH/H = 3.1–2.9. The length LCIT/H is also
in agreement with the average values of Gori et al. (2013),
LU/H = 3–4. Further on, the length (LCIT + LSVT)/H = 4.8 is equal to
the length (LCIH + LSVH)/H for frame 88, and (LCIT + LSVT)/H = 4.2 is
equal to the length (LCIH + LSVH)/H for frame 42.
Fig. 11 presents the dimensionless instant velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H,
at five downstream distances from the slot exit, corresponding to
the marks of Fig. 10a and b. The first distance, x/H = 0.5, is the clos-
est to the exit and the two instant measurements of frames 88 and
42 are in agreement with the average one. The two instant mea-
surements at the second distance, x/H = 3.3, are practically
unchanged compared to the values at x/H = 0.5, marking the end
of the flow FUVP, at LUVP/H = 3.3. At the third distance, x/H = 3.5,
i.e. inside the flow FSVH, frame 88 shows a velocity greater than
the average one because of the height contraction, while frame
42 presents a velocity decrease because of the height enlargement.
At the fourth distance, x/H = 6.2, i.e. inside the flow FCV, frame 42
shows a velocity increase over the average due to the height con-
traction, while frame 88 presents a velocity decrease because of
the height enlargement. At the fifth distance, x/H = 7.0, the maxi-
mum velocity of frame 88 is equal to the centerline average veloc-
ity but the velocity profile has a shift towards the lower part of the
jet, as shown by Fig. 10b, on the right, while the maximum velocity
of frame 42 is smaller than the maximum average velocity because
of the height enlargement.
The length of the flow with Unchanged Velocity Profile, FUVP,
LUVP/H = 3.3, reported in Table 1, is in fair agreement with the
lengths LCIH/H = 3.1–2.9, LCIV/H = 3.4, LCIT/H = 3.4, and slightly smal-
ler than the average value of Gori et al. (2013), LU/H = 4.0.
3.2. Flow in the upper laminar regime
3.2.1. Re = 2200
3.2.1.1. Visual inspection. The two instant visualizations in the
upper laminar regime, Re = 2200, are reported in Fig. 12a for frame
22 with one vortex, and in Fig. 12b for frame 31 with two vortices,
while the centerline instant velocity and turbulence are in Fig. 12c
and d. Fig. 12a and b shows the average flow which envelopes cor-
rectly the instant visualizations. The five marks of Fig. 12a and b
indicate the positions of the instant velocity measurements.
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Fig. 12. (Re = 2200) – (a) Instant PIV visualization with one vortex. (b) Instant PIV visualization with two vortices. (c) Centerline instant PIV velocity measurements. (d)
Centerline instant PIV turbulence intensity measurements.Frame22of Fig. 12a shows theflowFCIH of length LCIH/H = 4.0, and
the flow FSVH up to (LCIH + LSVH)/H = 5.9. The end of the flow FCV is at
x/H = 8.0, i.e. the total length is L3/H = 8.0, followed by the vortices
breakdown. Frame 31 of Fig. 12b shows the flow FCIH of length
LCIH/H = 4.0, followed by the flow FSVH up to (LCIH + LSVH)/H = 5.5.
The flow FSVH is longer in the frame with one vortex. The end of
the second vortex at x/H = 9.0 marks the total length, L3/H = 9.0.
The lengths of the visual inspection, LCIH/H, (LCIH + LSVH)/H, and
L3/H, are reported in Table 1. The length of the flow FCIH,
LCIH/H = 4.0, is in the lower part of the average values of Gori et al.
(2013), LU/H = 4–5. The end of the coherent vortices for frame 22,
L3/H = 8.0, is in the upper part of the average values, LP/H = 7–8,
while the length for frame 31, L3/H = 9.0, is longer than the
average ones.
3.2.1.2. PIV measurements. Fig. 12c presents the instant PIV dimen-
sionless centerline velocity measurements, U=U0, along with the
average ones of Gori et al. (2013), versus the distance x/H from the
jet exit. The variations of the dimensionless centerline velocities,
U=U0, of the two frames are within ±4% up to x/H = 4.1, marking
the lengthof theflowFCIV, LCIV/H = 4.1. After LCIV, velocity starts oscil-
lating around the average one at a greater rate. Frame 22, with one
vortex, has two maximums in the height contractions, x/H = 5.1
and x/H = 6.8, and only small minimums. At x/H = 7.9 the decrease
of the velocity reaches 50%, which is responsible for the pressure
increase and the vortex formation. Frame 31, with two vortices,
shows two maximums of the velocity in the height contractions,
x/H = 4.2 and x/H = 6.5, and two minimums in the height enlarge-
ments, x/H = 5.1 and x/H = 7.2. The velocity variation at x/H = 5.1 is
equal to6%, i.e. it is only slightly greater than in the previous flow,
and the relative variation of the pressure is only able of increasing
the height of jet. The variation of velocity in x/H = 7.2 is greater,
around 12%, and the correspondent pressure variation is able to
expel the fluid to form the vortex.Fig. 12d presents the instant PIV turbulence intensity on the
centerline for frames 22 and 31, compared to the average ones.
Turbulence intensity of both frames remains smaller than 4.0%
up to x/H = 4.1, giving a length of the flow FCIT, LCIT/H = 4.1. Turbu-
lence intensity of both frames increases, but remaining below 8.0%
up to x/H = 5.2, with a length (LCIT + LSVT)/H = 5.2. Turbulence inten-
sity of frame 22 presents a large spike of Tu = 60% at x/H = 8, in cor-
respondence of the vortex. Frame 31 presents smaller spikes on the
centerline because the jet is more central.
The length of the flow FCIT for the two frames is reported in
Table 1, showing that LCIT/H = 4.1 is equal to LCIV/H and slightly
longer than LCIH/H = 4.0. They are in agreement also with the aver-
age values of Gori et al. (2013), LCT/H = 4–5.
Fig. 13 presents the dimensionless instant velocity measure-
ments, U=U0, versus the transverse dimensionless distance, y/H,
at five downstream distances from the slot exit, corresponding to
the marks of Fig. 12a and b. The first distance, x/H = 0.8, is the clos-
est to the exit and its profile is assumed as the exit one. At
x/H = 0.8, the two instant measurements of frames 22 and 31 are
in agreement with the average one in the jet region. The two
instant measurements at the second distance, x/H = 3.8, are
practically unchanged compared to the exit. At the third distance,
x/H = 4.2, the profiles of the two frames are only slightly different
on the centerline, marking the end of the flow FUVP, at about
LUVP/H = 4.1, in agreement with the length of the flow FCIV,
LCIV/H = 4.1. At the fourth distance, x/H = 6.0, the two instant veloc-
ity profiles are moved from the centerline, but remaining with a
similar value on the centerline and thus justifying the average
values of Gori et al. (2013), LU/H = 6. At the fifth distance,
x/H = 8.0, the maximum of frame 22 has moved away from the
centerline and is smaller than the average one, marking the end
of the flow FCV, L3/H = 8.0. The maximum velocity of frame 31 is
quite similar to the average one because the flow is still in the
coherent vortices flow, FCV.
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Fig. 13. Instant PIV velocity measurements for Re = 2200.
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Fig. 14. Lengths of the different types of flow in turbulent and laminar regime.The length of the flow FUVP, LUVP/H = 4.1, is reported in
Table 1 and is in fair agreement with the lengths LCIH/H = 4.0,
LCIV/H = LCIT/H = 4.1.
3.3. Lengths of the instant types of flow
Table 1 presents the lengths of the instant flows detected for the
six Reynolds numbers investigated, reported in the first column.
The columns from the second to the fifth one report the length
ratios of the flows with Constant Instant Height FCIH, LCIH/H, with
Constant Instant Velocity on the centerline FCIV, LCIV/H, with Con-
stant Instant Turbulence on the centerline FCIT, LCIT/H, and with
Unchanged Velocity Profile FUVP, LUVP/H. The length ratio of the flow
FCIH, LCIH/H, is slightly greater for the frame with one vortex at
Re = 3400, while the other ratios LCIV/H, LCIT/H, LUVP/H, are indepen-
dent on the number of vortices. The four ratios LCIH/H, LCIV/H, LCIT/H,
LUVP/H, are practically equal and they increase with the decrease of
the Reynolds number, without discontinuity between turbulent
and laminar regimes.The four types of flow are considered due to the same phenom-
enon because the fluctuations of velocity and turbulence on the
centerline are smaller than ±4% and do not alter the jet height,
and the relative flow is called flow with Negligible Disturbances,
FND. The four lengths, i.e. LCIH  LCIV  LCIT  LUVP, are then relative
to the flow with Negligible Disturbances, FND, or first type of flow,
LND = L1. The length ratios of the flow with Negligible Disturbances,
LND/H = L1/H, are reported in the sixth column of Table 1 as average
of the four lengths, LCIH/H, LCIV/H, LCIT/H, LUVP/H.
The flow with Small Variations of the Height, FSVH, of length
LSVH, and the flow with Small Variations of the Turbulence, FSVT,
of length LSVT, are present after the flow FND. The variations of the
turbulence intensity in FSVT are smaller than 5% from Re = 35,300
to Re = 6800, increasing only at 8–9% for Re = 3400 and 2200. The
lengths (LCIH + LSVH) and (LCIT + LSVT) are almost equal, and greater
for the frame with one vortex, opposite to what happens for the
flow with Constant Instant Height FCIH. The two flows FSVH and FSVT
are due to the same phenomenon of small disturbances, and are
called flow with Small Disturbances, FSD, or second type of flow,
with length LSD. The total length (LCIH + LSVH)  (LCIT + LSVT) increases
with the decrease of the Reynolds number, without discontinuity
between turbulent and laminar regime, it is equal to (LND + LSD) =
L2, and its average is reported in the ninth column of Table 1 as
L2/H, where L2 is the average of the sum of the lengths of the flows
with negligible and small disturbances.
After L2, velocity and turbulence fluctuations are greater induc-
ing large disturbances of the pressure, which are able to expel the
fluid from the core of the jet to form a coherent vortex. The flow
with Coherent Vortices, FCV, or third type of flow, has a length
LCV, after which starts the vortex breakdown, or fourth type of flow.
The sum of the lengths of the three flows (LND + LSD + LCV) = L3, is
longer for the frame with two vortices, as in the flow FCIH, and
increases with the decrease of the Reynolds number. The length
ratios L3/H, for the two vortices are reported in the last column
of Table 1, as average one of the two frames.
Fig. 14 presents, as continuous line, the instant length ratio of
the flow FND, or first type of flow, LND/H = L1/H, and the length ratios
L2/H, and L3/H, in order to have a graphical impression. The length
of the flow FND, L1/H, increases with the decrease of the Reynolds
number, especially in the upper laminar regime. The length ratio
L2/H, sum of the length ratios LND/H and LSD/H, has a similar trend.
It can be noticed that the length ratio of the flow FSD, LSD/H =
L2/H  L1/H, has values in the range LSD/H = 0.6–1.7, which is only
slightly increasing with the decrease of the Reynolds number. The
length ratio L3/H, sum of LND/H, LSD/H and LCV/H, is practically par-
allel to L2/H, i.e. the length ratio of the flow FCV, LCV/H = L3/H  L2/H,
maintains almost constant in the range of the Reynolds number
investigated, with values in the range LCV/H = 2.6–3.2.
The three instant length ratios, L1/H, L2/H, and L3/H, are com-
pared with the average values of Gori et al. (2013), LCH/H = LCT/H,
LU/H, and LP/H, reported as dotted lines in Fig. 14. The average
length ratios LCH/H and LU/H are similar in the turbulent regime
Fig. 15. Instant flow evolution of the jet.while, in the upper laminar one, they are different because the
average images are not able to detect the small lateral oscillations
of the laminar jet at Re = 2200. The length ratio of the flow FND, or
first type of flow, L1/H, agrees with the average length ratios LCH/H
and LU/H in turbulent flow, while the ratio L2/H, not evidenced by
the average visualizations, is in agreement with the average ratio
LU/H only in the upper laminar flow. The instant length ratio L3/H
agrees with the average ratio of the potential core, LP/H, in the
entire range of the Reynolds numbers experimented, i.e. from
Re = 2200 to Re = 35,300.
Finally, Fig. 15 can represent the main conclusions of the instant
flow evolution found in the present paper. The length of the flow with
negligible disturbances FND is L1 = LND, while L2 is the sum of the
lengths of the flows FND and with small disturbances FSD, LND + LSD,
and L3 is the sum of the lengths of the flows FND, FSD and with
coherent vortices FCV, LND + LSD + LCV. The end of the flow FCV is at
the length L3, after which starts the vortices breakdown.4. Conclusions
The main conclusion of the present paper is the update of the
current state of art of the literature, as far as the instant flow evo-
lution of rectangular turbulent free jets of air is concerned, in the
Reynolds number range from Re = 35,300 to Re = 2200, thanks to
the PIV visualizations and measurements.
Visual inspection of the instant PIV frames, with one vortex or
two, show that, just after the exit, is present a type of flow where
the height of the jet remains constant for a length LCIH, called flow
with Constant Instant Height. PIV measurements of the instant
centerline velocity and turbulence intensity along the jet develop-
ment report variations smaller than ±4% for a length LCIV, called
flow with Constant Instant Velocity on the centerline, and for a
length LCIT, called flow with Constant Instant Turbulence on the
centerline, both in the turbulent and laminar regimes. PIV mea-
surements of the instant velocity at several distances from the exit
show that velocity profile remains practically constant for a length
LUVP, called flow with Unchanged Velocity Profile. Since the four
lengths are quite similar, i.e. LCIH  LCIV  LCIT  LUVP, the relative
flow is called flow with Negligible Disturbances, or first type of
flow, with length LCIH  LCIV  LCIT  LUVP = LND = L1.
After the flow with Negligible Disturbances, of length LND = L1,
visual inspection of the instant PIV frames shows small variations
of the height, but without formation of vortex, and the relative flowis called flow with Small Variation of the Height, with a length LSVH,
greater for the images with one vortex. In this flow the instant PIV
measurements report greater instant turbulence intensity varia-
tions, which are remaining below 5% from Re = 35,300 to
Re = 6800, increasing at 8–9% only for Re = 3400–2200, for a length
LSVT. The flow is called flow with Small Variations of the Turbu-
lence. The flows with Small Variations of the Height or with Small
Variations of the Turbulence are called flow with Small Distur-
bances, or second type of flow, and the two lengths LSVH and LSVT
are then associated to the small disturbances, i.e. LSD. In the second
type of flow the small variations of velocity are due to the small
variations of the height, because of the mass conservation, but
without the vortex formation. The sum of the lengths of the two
flows with Negligible and Small Disturbances, (LND + LSD) = L2, is
the second length introduced in this paper, L2.
After the flow with Small Disturbances the instant PIV visual-
izations show the flow with Coherent Vortices, after which starts
the vortices breakdown. The instant PIV measurements in the flow
with Coherent Vortices report greater variations of velocity and
turbulence than in the previous two flows, inducing larger varia-
tions of the pressure, because of the Bernoulli equation, which
are responsible for the fluid expulsion and the vortex formation,
due to the lower velocity of the stagnant fluid outside the jet.
The instant PIV visualizations allow defining the length of the flow
with Coherent Vortices, LCV, before the beginning of the vortices
breakdown. The sum of the lengths of the flows with Negligible
and Small Disturbances, and Coherent Vortices, (LND + LSD + LCV) = L3,
is the third length introduced in the paper, L3.
The results of the present instant PIV visualizations compare
favorably the length L1 with the average lengths of the flow with
Constant Height and Constant Turbulence LCH  LCT, the length L2
with the average length of the Undisturbed region of Flow LU and
the length L3 with the average length of the Potential core LP, pre-
viously measured by the same authors.
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